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ABSTRACT

rtfA, A PUTATIVE RNA-POL II TRANSCRIPTION ELONGATION FACTOR GENE IS
NECESSARY FOR NORMAL MORPHOLOGICAL AND CHEMICAL DEVELOMENT
IN THE OPPORTUNISTIC PLANT PATHOGEN
Aspergillus flavus
Jessica M. Lohmar, M.S.
Department of Biological Sciences
Northern Illinois University, 2015
Ana M. Calvo, Director

The filamentous fungus Aspergillus flavus is an agriculturally important opportunistic
plant pathogen that produces potent carcinogenic compounds called aflatoxins. We identified the
rtfA gene, ortholog of rtf1 in S. cerevisiae and rtfA in A. nidulans, in A. flavus. Interestingly, rtfA
has multiple cellular roles in this mycotoxin-producing fungus. In this study, we show that rtfA
regulates conidiation. The rtfA deletion mutant presented smaller conidiophores with
significantly reduced conidial production compared to the wild-type strain. The absence of rtfA
also resulted in a significantly decreased or lack of sclerotial production under conditions that
allowed abundant production of these resistance structures in the wild-type. The deletion of rtfA
notably reduced the production of aflatoxin B1, indicating that rtfA is a regulator of mycotoxin
biosynthesis in A. flavus. The deletion rtfA also regulates the production of several unknown
secondary metabolites.
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INTRODUCTION
Fungi produce a wide array of secondary metabolites. These are compounds that are not
necessary for these organisms to survive under laboratory conditions but might play an
important ecological role, giving them an advantage in the particular environmental niche that
they live in. Fungal secondary metabolites are bioactive low- molecular -weight compounds.
Some of these metabolites present benefits, while others are detrimental to human health and
have a negative impact on agriculture and industry. The fungus Penicillium chrysogenum,
formally known as Penicillium notatum [Samson et al. 1977], is an example of medically
important species. It produces the β-lactam antibiotic known as penicillin (PN), which was
discovered by Alexander Fleming in 1928. On the other hand, some fungi produce mycotoxins,
such as the agriculturally important opportunistic plant pathogen Aspergillus flavus, which
synthesizes carcinogenic aflatoxins (AFs). Currently scientific efforts are directed towards the
discovery and use of new beneficial fungal secondary metabolites while trying to control those
fungi producing harmful metabolites.
The genus Aspergillus includes well-known opportunistic pathogenic fungi as well as
mycotoxigenic species. This genus was first described in 1729 by a Florentine priest and
mycologist named P.A. Micheli; and it was named Aspergillus due to the fact that the
conidiophore structure present in these fungi resembles an aspergillum, which was a tool that
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was used to sprinkle holy water [Bennet and Kilch 1992]. The conidiophore of Aspergillus
species is the structure that generates large numbers of air-borne asexual conidia that serve to
disseminate the fungus. The Aspergillus conidiophore consists of a foot cell, stalk, vesicle, and
sterigmata known as metulae and phialides [Adams et al. 1998]. The foot cell anchors the
conidiophore to the substrate. Following stalk elongation, the tip of the stalk will begin to
swell, forming the conidiophore vesicle. This vesicle is not separated by a septum from the
stalk; therefore, the stalk, vesicle and foot cell are a single cell [Adams et al. 1998]. From the
conidiophore vesicle, the primary layer of sterigmata known as metulae is formed by budding
[Mims et al. 1988]. The metulae divide by mitosis to form the secondary layer of sterigmata
known as the phialides [Adams et al. 1998]. The phialides have the capability to generate
chains of uninucleated spores, known as conidia or conidiospores.
Some Aspergillus species, including A. flavus first described by Link in 1809, have the
capability to produce additional morphological structures known as sclerotia. These structures
are able to resist extreme environmental conditions. Sclerotia are composed of condensed
masses of mycelia that can remain dormant for long periods of time until conditions are again
favorable. When conditions are favorable again, sclerotia form hyphae resulting in
establishment of new mycelium, and they can also form conidiophores that allow rapid
dissemination directly from the surface of these resistant structures [Cotty 1988; Garber and
Cotty, 1997]. Sclerotia can also be known as stromata. These stromata are vestigial structures
of sexual reproductive bodies called cleistothecia produced by other Aspergillus species,
including the model fungus Aspergillus nidulans [Geiser et al. 1996; Ramirez-Prado et al.
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2008]. Horn et al. [2009] demonstrated the presence of ascocarps with viable ascospores
contained within A. flavus stromata, providing direct evidence for the ability of A. flavus to
reproduce sexually. Furthermore, studies in A. flavus and A. parasiticus have revealed the
presence of alpha and HGM-domain MAT genes [Ramirez-Prado et al. 2008].
Aspergillus flavus is of great importance because it is an opportunistic plant pathogen
capable of infecting economically important oil-seed crops, such as peanuts, corn, cottonseed,
and tree nuts, contaminating them with carcinogenic mycotoxins, such as AFs. As in the case of
many other secondary metabolite genes [Hoffmeister and Keller 2007; Turner 2010], the genes
required for aflatoxin biosynthesis are clustered in the genome. This cluster contains enzymatic
structural genes and two regulatory genes, including aflR, a transcription factor gene, required
for activation of the AF gene cluster [Woloshuk et al. 1995; Yabe and Nakajima 2004; Chang
2003; Meyers et al. 1998; Calvo et al. 2004]. The genome of A. flavus has been sequenced. In
silico analysis of the A. flavus genome sequence has predicted the presence of 55 secondary
metabolite gene clusters that are regulated by different environmental signals and the global
regulators, VeA and LaeA [Amaike and Keller 2011; Duran et al. 2007, 2009 ; Georgianna et
al. 2010; Khaldi et al. 2010]. To date, in A. flavus only seven metabolites have been associated
with clusters including the mycotoxins AFs, cyclopiazonic acid and aflatrem [Cary et al. 2014;
Forseth et al. 2012; Georgianna et al. 2010]. The most notorious secondary metabolites
produced by A. flavus are AFs, particularly AFB1 and AFB2. A. parasiticus, a fungus
phylogenetically very closely related to A. flavus, is known to produce AFB1, AFB2, AFG1 and
AFG2 [Hussein & Brasel 2001; Weidenbörner 2001]. AFM1 and AFM2 are found in milk and
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arise from cattle eating grain contaminated with AFB1 or AFB2, further metabolized into AFM1
and AFM2 respectively [Garrido 2003].
AFB1 is one of the most widely known mycotoxins due to the fact that is the most
mutagenic and carcinogenic natural compound known [Bhatnager et al. 2002; Cary et al. 2000;
Payne and Brown 1998; Sweeny and Dobson, 1999; Trail et al. 1995]. AFB1 can lead to
hepatotoxicity, teratogenicity, immunotoxicity and death [Dvorackova and Kusak 1990; Trail et
al. 1995]. This compound has also been shown to induce mutations in the p53 tumor suppressor
gene and K-ras and H-ras proto-oncogenes [Denissenko et al. 1999; Lasky and Magder 1997;
Riley et al. 1997; Shen and Ong 1996; Wang and Groopman 1999]. Even at very low quantities
(parts per billion), contamination from AFB1 can cause a significant negative effect on food
safety/human health and the economic value of affected crops [Campbell et al. 2003]. Multiple
nations worldwide have set food safety standards for maximum tolerable levels of certain
contaminants in food, for the purpose of protecting public health [Wu and Gulvu 2012]. The
worldwide safety standard for AF levels are the sum of all of the AFs (AFB1, AFB2, AFG1, and
AFG2) and that concentration has to be less than 5µg/kg for the crop to be able to be distributed
and traded around the world [Wu and Guvlu 2012]. Elimination of contaminated crops leads to
large economic losses each year. It has been calculated that total mycotoxin-related losses to
agriculture in the United States alone are as high as $1.4 billion annually [Vardon et al. 2003].
For the reasons previously stated, our laboratory investigates mycotoxigenic fungi in order to
reduce the production of these toxic compounds and to prevent the dissemination, virulence and
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survival of the fungi that produce them [i.e. Calvo 2008; Calvo et al. 2004; Duran et al. 2007,
2009].
In the search to uncover novel molecular mechanisms that regulate the synthesis of
these compounds, numerous studies showed that fungal development and secondary
metabolism are genetically linked [Reviewed by Calvo et al, 2002]. A global regulatory system
consisting of the genes velB, veA, and laeA was discovered to be one of those links [Bayram et
al, 2008]. Dr. Calvo’s laboratory has studied the veA regulator in depth and its role in
controlling mycotoxin production, fungal growth, development, and pathogenicity [i.e. Kato et
al, 2003; Calvo et al, 2004; Calvo et al, 2008; Duran et al, 2007; Duran et al, 2009]. The VeA
protein forms a nuclear heterotrimeric complex with LaeA and VelB and also interacts with
proteins involved in perception of environmental cues as well as chromatin modifications
[Palmer et al. 2013; Purschwitz et al. 2008; Sarikaya-Bayram et al. 2014]. veA is broadly
conserved in Ascomycetes [Myung et al. 2012]. In order to find new veA-dependent genes, our
laboratory previously performed a mutagenesis on an Aspergillus nidulans veA deletion strain
unable to produce mycotoxins. From the mutagenesis, several revertant mutants (RMs) that
regained the ability to produce sterigmatocystin (ST), a precursor of AF in A. flavus, were
obtained [Ramamoorthy et al. 2012]. Among these selected mutants, RM3 was found to
contain a single mutation in a gene encoding a putative RNA polymerase II transcription
elongation factor-like protein (RtfA). The rtfA gene is conserved in many fungal species and in
other animals, including mammals [Jaehning et al. 2010; Ramamoorthy et al. 2012; Tenney et
al. 2006]. In the model yeast Saccharomyces cerevisiae, the rtfA homologue rtf1 is a subunit of
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the Paf1 complex, which contains at least five subunits known as Paf1, Ctr9, Cdc73, Rtf1, and
Leo1. The Paf1 complex physically interacts with RNA-polymerase II and promotes optimal
gene expression by controlling co-transcriptional histone modifications [Jahening 2010;
Krogan et al. 2002; Mueller and Jahening 2002; Rosonina and Manley 2005; Squazzo et al.
2002; Warner et al. 2007]. In regards to histone modifications, rtf1 is required for
ubiquitination of histone H2B and di-methylation and tri-methylation of histone H3 [Briggs et
al. 2002; Ng et al. 2003; Sun and Allis. 2002; Warner et al. 2007]. This is relevant since
modifications of histones such as methylation, acetylation, phosphorylation, etc., modify
chromatin structure, a condition that leads to activation or repression of gene expression
[Jenwein and Allis 2001; Shilatifard 2006]. In A. nidulans, it has been shown that activation of
the gene cluster involved in the production of ST is dependent on histone modifications such as
methylation and acetylation [Reyes-Dominguez et al. 2001; Roze et al. 2007; Shwab et al.
2007]. It has also been reported that rtf1 is involved in the TATA site selection by TATA box
binding proteins (TBP) [Stolinski et al. 1997]; interactions with active open reading frames
(ORFs), proper attachment of components from RNA-pol II, and binding chromatin
remodeling proteins such as the ATP-dependent chromatin remodeling protein Chd1. [Jahening
2010; Warner et al. 2007].
Previously, rtfA was characterized in A. nidulans in our laboratory where it was
demonstrated to play a role in radial colony growth, as well as sexual and asexual development.
rtfA affected the expression of brlA, a master regulatory gene necessary for conidiation.
Additionally, rtfA influences secondary metabolite production, specifically ST and PN. rtfA is a
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positive regulator of aflR. This study also showed that although the RtfA protein is located in
the nucleus and is functionally associated with VeA, although it does not directly interact with
the VeA protein [Ramamoorthy et al. 2012].
The rtfA homolog is present in the medically and agriculturally important fungal species
A. flavus, and its characterization has been the focus of my master’s thesis work. In my study I
examined 1.) the role of rtfA on radial colony growth; 2.) regulation of asexual development,
including conidiophore structure; 3.) formation of sclerotia; 4.) control of AFB1 production;
and 5.) regulation of responses to light and temperature stresses.

MATERIALS AND METHODS
Fungal Strains and Culture Conditions
The Aspergillus flavus L strains used were a CA14 (pyrG+, niaD-, ∆ku70), CA14 pyrG1 (pyrG+, niaD-, ∆ku70) control strain, a deletion rtfA strain (∆rtfA, pyrG+, niaD-, ∆ku70),
and a rtfA complementation (∆rtfA, niaD-, ∆ku70, rtfA+) strain. All strains were grown on YGT
medium (5 g of yeast extract, 20 g of glucose, 1 mL of trace elements, and 15 g of agar per
liter) at 30C in the dark unless otherwise specified. Agar (15g/L) was added in the case of
solid medium. Strains were maintained as 30% glycerol stocks at -80ºC. All statistical analysis
was performed using ANOVA with p ˂ 0.050, which is considered statistically significant.
Construction of a Deletion rtfA (ΔrtfA) Strain
The A. flavus ΔrtfA strain was received from Dr. Jeffrey Cary (USDA). The ΔrtfA strain
was generated by a PCR-based method with ExTaq HS polymerase (Takara), that consisted of
5′ and 3′ regions of the rtfA gene (AFL2G_05224.2) amplified using the primers 5′rtfAEcoRI
and 5′rtfABamHI and 3′rtfASalI and 3′rtfAHindIII respectively (Table 1). PCR products of the
expected sizes (975 bp for the 5′ rtfA PCR fragment and 1.0 kb for the 3′ rtfA PCR fragment)
were obtained and subcloned into the TOPO pCR2.1 (Invitrogen) vector. The inserts were
further confirmed by DNA sequencing. The 5′ and 3′ rtfA PCR products were then released
from the TOPO pCR2.1 vector using restriction enzymes. The 5’ rtfA PCR product was
digested using EcoRI and BamHI, and the 3’rtfA PCR product was digested out using SalI and
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HindIII. The released fragments were then subcloned, in two steps, into a previously digested
pPG15-5 vector, which contains the A. parasiticus pyrG selectable marker gene [Chang et al.
2003]. The resulting deletion vector was designated as pRtfA-pyrG (Figure 1A). Fungal
transformation was performed as described in Cary et al. [2006] using A. flavus CA14 as the
host strain. The transformants were grown on potato dextrose broth supplemented with 1
mg/mL uracil (PDB-U) and 10 mM ammonium sulfate. The transformants were ultimately
grown on Czapek Solution agar (CZ, Difco) supplemented with 10 mM ammonium sulfate
(CZ-AS). The rtfA mutant strain was confirmed by Southern blot analysis.
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Table 1
Primers Used in This Study
Primer Name
5’ rtfA EcoRI
5’ rtfA BamHI
3’ rtfA SalI
3’ rtfA HindIII

Primer Sequence (5’>3’)
GAATTCCAAGTTCAGTCAAAGTCAACTTCTTC
GGATCCTCCAGGTTTGCCATGCTGGCTTTCC
GTCGACCTCTTCTAAACCTCGTGCAGACAAG
AAGCTTGGTCATAGGAGGTGGGAAAATGTACAG

1169
1170
1246(P1)
1247(P2)

AAAAAGGATCCCGTTTCCAAGGATCGTCAATGTTCATGG
AAAAAGGATCCTGCTCCGAATCTTCCGCTCCATCCT
CGCGCTTGCGGGTGACGCCTC
CCATCGTCCCACTCAGCATCGC

Figure 1. Southern blot analysis was used to confirm the deletion of the rtfA gene as well as the
complementation of this deletion mutant with the rtfA wild-type allele. (A) The 800 bp probe
template shown was obtained by PCR using primers 1246 (P1) and 1247 (P2) (Table 1) and
genomic DNA from a CA14 strain as template. Genomic DNA from wild-type CA14 pyrG-1,
∆rtfA and complementation strains was digested with SalI (indicated by the letter S). A 2.1 kb
band indicates an rtfA wild-type locus, while a 3.7 kb band indicates a gene replacement of rtfA
with the selection marker A. parasiticus pyrG. (B) Linear representation of the
complementation vector. (C) Southern blot results confirming the correct integration of the
deletion cassette in the rtfA mutant and successful complementation with the rtfA wild-type
allele in the rtfA-com strain.
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Construction of a Complementation (ΔrtfA-com) Strain
The rtfA complementation strain was generated by first obtaining a 4.8 kb PCR product
containing the complete rtfA wild-type locus using the primers 1169 and 1170 (Table 1) and A.
flavus CA14 genomic DNA as template. The PCR product was digested with BamHI and
ligated to the BglII-digested PPMI+ ptrA vector, containing the ampicillin and pyrithiamine
selection markers. This resulted in the final vector pSD42.1 (Figure 1B) that was transformed
into A. flavus ΔrtfA. Positive transformants were identified on MSA pyrithiamine (0.1μg/mL)
selective medium, supplemented with sucrose as osmotic stabilizer. The transformants were
confirmed by Southern blot analysis.
Radial Colony Growth Analysis
Conidia of the A. flavus wild-type rtfA and rtfA-com strains were single-point
inoculated on YGT medium. The strains were incubated for 3, 4 and 5 days at 30C in the dark.
Fungal growth was then measured as colony diameter (mm). The experiment contained three
replicates. The plates were photographed after incubation with a Sony Cybershot DSC-W120
camera.
Quantification of Conidial Production
The A. flavus strains were single-point inoculated onto YGT medium and incubated in
the dark at 30 °C for 3, 4, and 5 days. After incubation, a 7 mm core was taken and
homogenized. Spores were quantified with a hemacytometer (Hausser Scientific, Horsham,
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PA) and a Nikon Eclipse E-400 bright-field microscope. The experiment was carried out in
triplicate.
An additional experiment was carried out by single-point inoculating the A. flavus
strains onto YGT medium for 7 and 11 days. After incubation, a 1/8th radial sector of the fungal
colony was collected and homogenized in a 15 mL Falcon tube that contained 10 mL of
ddH2O. Spores were also quantified with a hemacytometer under the microscope. The
experiment was carried out in triplicate.
Conidiophore Structural Analysis
The A. flavus strains were single point-inoculated onto YGT medium and allowed to
incubate at 30C in the dark. Samples were taken 1 cm from the center of 3 day cultures and
washed in 15 mL of sterile ddH20 with vortexing to remove conidia. Micrographs were taken
with a Nikon E-600 bright field microscope attached to a Nikon DXM 1200 digital camera.
Conidiophore vesicle diameters were measured in 30 replicates for each strain.
Sclerotial Analysis
The A. flavus strains were single-point inoculated onto Wickerham agar (2 g yeast
extract, 3 g peptone, 5 g corn steep solids, 2 g dextrose, 30 g sucrose, 2 g NaNO3, 1 g
K2HPO4∙3H2O, 0.5 g MgSO4∙7H2O, 0.2 g KCl, 0.1 g FeSO4∙7H2O, 15 g agar per liter [pH 5.5]
[Chang et al. 2012], a medium known to induce sclerotial formation in A. flavus. Each plate
contained 35 mL of agar medium. The strains were incubated for 13 days and 20 days at 30 C
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in the dark. Cultures were visualized using a Leica MZ75 dissecting microscope attached to a
Leica DC50LP camera. Micrographs were taken from the cultures after an ethanol (70 %) wash
to remove conidiophores. The experiment was performed with three replicates.
A similar analysis was also carried out using YGT medium. The strains were grown for
7, 11 and 17 days at 30 C under dark conditions.
Aflatoxin B1 Analysis
Culture samples were extracted using chloroform in Falcon tubes. For solid cultures,
three 16 mm cores were collected and 5 mL of chloroform was used for extraction. For liquid
stationary cultures, 15 mL of fungal culture supernatant was collected and extracted with
chloroform in a 1:1 ratio. The tubes were vortexed thoroughly and then the chloroform phase
was allowed to separate for 1 h at room temperature. The chloroform phase was then removed
from the tube and placed into 50 mL beakers where it was allowed to dry overnight. The dried
residues were resuspended in 300 µL of chloroform. Extracts were analyzed by thin layer
chromatography (TLC) as previously described [Cleveland et al. 1987]. Briefly, 25 µL of each
extracts were spotted on a TLC silica plate and separated using a chloroform : acetone (85:15
v/v) solvent system. The TLC plate was air dried, sprayed with a 12.5 % AlCl3 solution in 95 %
ethanol and baked at 80 ºC for 10 minutes. The TLC plate was then exposed to UV light at 675nm for visualization of compounds. The aflatoxin B1 standard was purchased from SigmaAldrich (St. Louis).
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Effect of rtfA on Colony Growth in Response to Temperature and Light Stresses
The A. flavus strains were single point-inoculated on 25 mL of YGT medium. Fungal
cultures were incubated under light or dark conditions at 30 ºC, 37 ºC, 42 ºC, or 44 ºC for 5
days. Cultures were photographed with a Sony Cybershot DCS-W120 camera. Micrographs
were taken at 50X magnification and visualized using a Leica MZ75 dissecting microscope
attached to a Leica DC50LP camera.

Statistical Analysis
Statistical analysis was used to analyze all of the quantitative data in this study.
ANOVA (analysis of variance) was used to perform the statistical analysis. If the p-value was
determined to be less than 0.050 (p < 0.050) the differences among the quantitative data were
determined to be significant.

RESULTS
rtfA Is Necessary for Normal Radial Colony Growth, Asexual Development and
Conidiophore Structure
To assess the role of A. flavus rtfA, which has 69 % identity and 80 % similarity to the
A. nidulans rtfA-deduced amino acid sequence characterized by Ramamoorthy et al. [2012], in
growth and asexual development, a deletion A. flavus strain (∆rtfA) was constructed (see
Figure 1). The phenotype of the A. flavus ∆rtfA strain was compared to that of the isogenic
control strains. A Southern blot analysis was conducted to confirm the genotype of the
transformants. Fungal genomic DNA was isolated from the wild-type control, ∆rtfA strains, and
the ∆rtfA-com transformants and digested with SalI. A fragment corresponding to the 5’ of rtfA
was used as probe. A 2.1 kb band shows the presence of the rtfA wild-type, while a 3.7 kb band
indicates gene replacement of rtfA with the A. parasiticus pyrG (see Figure 1). The A. flavus
ΔrtfA strain presented a reduction in colony growth when compared to the isogenic control
strains at each time point analyzed (Figure 2).
Additionally, the A. flavus ΔrtfA strain demonstrated a statistically significant reduction
in the production of asexual conidiospores at 3, 4, and 5 days of incubation when compared to
the control strains (Figure 3A). However, after 7 days of incubation the number of asexual
conidiophores were similar to those of the isogenic controls, and at 11 days of incubation the A.
flavus ΔrtfA strain presented statistically greater conidiation levels than those observed in the
isogenic wild-type and ∆rtfA-com strains (Figure 3B).
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In addition, microscopic analysis of ΔrtfA conidiophores showed a statistically
significant reduction in conidiophore vesicle diameter when compared to the isogenic control
strains at 3 days (Figure 4).

Figure 2. Effects of rtfA on A. flavus colony growth. (A) Photographs showing single-point
inoculated cultures of A. flavus strains growing on YGT medium at 30 °C in the dark for 5
days. (B) Quantification of colony growth, as colony diameter (mm). A. flavus strains were
single-point inoculated on YGT medium and incubated at 30 °C in the dark. Measurements
were taken at 3, 4, and 5 days after inoculation. Error bars represent standard error. Different
letters on the columns indicate values that are statistically different (p < 0.050).
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Figure 3. Role of rtfA on A. flavus conidial production. The strains were single-point
inoculated on YGT medium and incubated at 30 °C in the dark in triplicate. (A) After
incubation for 3, 4, and 5 days, a 7 mm core was collected, homogenized and conidia were
quantified with a hemacytometer. (B) After incubation for 7 and 11 days, 1/8th of the culture
was collected, homogenized in water and conidia were quantified with a hemocytometer. Error
bars represent standard error. Different letters on the columns indicate values that are
statistically different (p < 0.050).
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Figure 4. Effects of rtfA on conidiophore structure. (A) The strains were single-point
inoculated on YGT medium and incubated at 30 °C in the dark for 3 days. A sample was taken
1 cm away from the center of the colony and mounted on a slide before being photographed at
400X magnification using a Nikon E-600 microscope. (B) From the samples in panel A, the
diameter of 30 conidiophore vesicles was measured. Error bars represent standard error.
Different letters on the columns indicate values that are statistically different (p< 0.050).
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rtfA Is Necessary for Normal Sclerotial Production
Due to the fact that rtfA affects cleistothecial production in the model fungus A.
nidulans [Ramamoorthy et al. 2012] and knowing that sclerotia can function as sexual
structures (stromata) much like cleistothecia [Geiser et al. 1996; Ramirez-Prado et al. 2008],
we examined whether A. flavus rtfA plays a role in sclerotial production. To test this
hypothesis, the A. flavus wild-type rtfA deletion mutant and complementation strains were
single-point inoculated on a Wickerham medium, which is a medium highly conducive to
sclerotial production. The cultures were incubated for 13 and 20 days. Sclerotial production
was dramatically reduced in the A. flavus ΔrtfA strain compared to the control strains (Figure
5).
The effect of rtfA on A. flavus sclerotial production was also assessed on YGT medium,
which also allows formation of sclerotia. Single-point inoculated cultures were incubated for 7,
11 and 17 days (Figure 6). Under these experimental conditions the ΔrtfA produced very few
immature sclerotia, while the wild-type and ΔrtfA-com strains produced these resistant bodies
in abundance.

Figure 5. A. flavus rtfA is necessary for normal sclerotial production on Wickerham medium.
(A) The strains were single-point inoculated and incubated for 13 days at 30 °C in the dark.
Row 1, front photographs of the cultures. Row 2, photographs of the cultures after a 70 %
ethanol wash to improve visualization of sclerotia. Row 3, photographs of the back of the
plates. (B) Same as panel A, but the cultures were incubated for 20 days. (C) Micrographs of
cultures in panel A, taken after the ethanol wash. (D) Micrographs of cultures in panel B, taken
after the ethanol wash.

27

Figure 6. rtfA is necessary for sclerotial production on YGT medium. (A) The strains were
single point-inoculated on YGT medium and incubated for 7 days at 30 °C in the dark. Row 1,
front photographs of the cultures. Row 2, photographs of the cultures after a 70 % ethanol wash
to improve visualization of sclerotia. Row 3, photographs of the back of the plates. (B) Same as
panel A, but the cultures were incubated for 11 days. (C) Same as panel A, but the cultures were
incubated for 17 days. (D) Micrographs of cultures in panel A, taken after the ethanol wash. (E)
Micrographs of cultures in panel B, taken after the ethanol wash. (F) Micrographs of cultures in
panel B, taken after the ethanol wash. Micrographs were taken at 12.5X and 32X
magnifications.

29

30

rtfA Is Necessary for Normal Aflatoxin B1 Biosynthesis and for Normal Biosynthesis of
Several Unknown Metabolites
In A. nidulans, rtfA influenced the production of ST [Ramamoorthy et al. 2012]. The
effect of the rtfA homolog in aflatoxin B1 production in A. flavus was examined. When growing
on solid medium, aflatoxin B1 biosynthesis was greatly reduced or completely abolished in the
ΔrtfA strain when compared to the wild-type and ΔrtfA-com controls (Figure 7A-7B). When
the strains were grown in liquid stationary cultures, aflatoxin B1 production was also notably
decreased in the ∆rtfA strain when compared to the controls, and only a slight increase in toxin
production occurred over time (Figure 7C). Interestingly, it was also noted in the TLC results
that the synthesis of other unknown metabolites was also rtfA dependent (Figure 7B-7D).

Figure 7. rtfA is necessary for normal aflatoxin B1 biosynthesis and the production of other
unknown metabolites. (A) TLC analysis of aflatoxin B1 production in YGT top agar-inoculated
cultures incubated for 7 days at 30 °C in the dark. Experiments were carried out in triplicates.
(B) TLC analysis of aflatoxin B1 production of point-inoculated YGT cultures that were
incubated for 7 and 11 days at 30 °C in the dark. Experiments were carried out in duplicates.
(C) TLC analysis of aflatoxin B1 production of liquid stationary cultures incubated for 48 h, 72
h, 96 h, and 120 h on YGT medium. Experiments were carried out in triplicates. (D) TLC
analysis of single-point inoculated Wickerham cultures that were incubated for 13 days in the
dark at 30 °C. Arrows in panels B-D indicate rtfA-dependent unknown metabolites.
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rtfA Is Necessary for Normal Growth Under Light and Temperature Stresses
Since absence of rtfA results in a slight reduction of fungal growth, we investigated
whether additional environmental stresses such as light or temperature might further impact this
phenotype. Our experiments indicated that light and higher temperatures had only a small
impact on the radial colony growth of the ΔrtfA A. flavus strain (Figure 8A-8B); however,
combination of light and temperatures of 42 oC and 44 oC further accentuated the reduction of
growth as well as conidiation, particularly in the rtfA mutant. Interestingly, differences in
conidiation levels were observed in cultures growing at different temperatures in the absence of
the light stress factor. While at 30 oC a reduction in conidial production was observed in the
mutant with respect to the controls, at 37 oC the ΔrtfA produced more conidia than the wildtype and complementation strain. However, at higher temperature, 42 oC, the ΔrtfA strain is
completely aconidial, whereas the controls produce abundant conidia (Figure 8A-8B). A
temperature of 44 oC suppressed conidiation in all strains.

Figure 8. Effect of the rtfA deletion on A. flavus colony growth under light and temperature
stresses. (A) The A. flavus strains were single-point inoculated on YGT medium and incubated
at 30 °C, 37 °C, 42 °C, 44 °C under light or dark conditions. Cultures were incubated for 5
days. (B) Micrographs of cultures grown at 42 °C in the dark (50X magnification). All
experiments were carried out in triplicates.
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DISCUSSION
Species of fungi from the genus Aspergillus have beneficial as well as detrimental
impacts on medical, agricultural and industrial fields. Among them, Aspergillus flavus, an
opportunistic pathogen of numerous oil-seed crops, including corn, peanuts, tree nuts, and
cottonseed [Duran et al. 2007, 2009], is of particular concern. When colonizing the plant
substrate, A. flavus contaminates these crops with powerful carcinogenic AFs that pose an
important health threat to animals or humans. Large crop losses every year due to AF
contamination still remain an unresolved problem worldwide. It is imperative to search for
genetic targets to reduce the production of these toxic compounds and/or prevent the
dessimination, survival and virulence of A. flavus.
Certain global regulatory genes such as veA make an excellent target for strategies to
combat mycotoxigenic fungi that are harmful to humans and animals, while on the other hand,
veA can be manipulated to enhance beneficial traits of certain fungi, including those used in the
production of medically important secondary metabolites. Due to the importance of this global
regulatory gene, Ramamoorthy et al. [2012] conducted a study in the model filamentous fungus
A. nidulans to search for new veA-dependent genetic elements, among which they found the
rtfA gene.
The present study characterized the rtfA ortholog in A. flavus. Our results revealed
partial functional conservation between A. flavus and A. nidulans rtfA. As in A. nidulans, rtfA
was shown to regulate vegetative colony growth. The deficit in normal growth observed in the
deletion rtfA mutant is intensified by exposure to environmental stresses, such as light and high
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temperatures, particularly when the cultures are exposed to more than one stress factor at the
same time, which was a result not originally tested in A. nidulans.
In addition, rtfA was shown to influence asexual spore production in A. nidulans as well
as in A. flavus. In A. nidulans a decrease in conidial production in the deletion rtfA mutant was
observed at a 6-day time point [Ramamoorthy et al. 2012]. In A. flavus, the deletion rtfA mutant
showed a drastic decrease in conidiation with respect to the wild-type at 3-5 days, suggesting
that rtfA is necessary for normal asexual spore production. This effect was exacerbated when
the cultures were exposed to high temperature stress (at 42oC) for 5 days of incubation at which
the colony was aconidial. Following 7-11days growth, the rtfA mutant recovered wild-type
conidiation levels or slightly hyperconidiated. In these older cultures other factors such as water
availability or nutrient starvation may overcome the conidiation deficit caused by the absence
of rtfA. These environmental signals could trigger conidiation through a rtfA-independent
mechanism, escaping an environment no longer conducive to growth. It is also possible that
rtfA is necessary for normal temporal activation of this developmental process [Adams et al.
1998], which could be delayed in the mutant strain.
Our results revealed that rtfA is also important for proper condiophore development in
A. flavus. The rtfA deletion mutant presents a statistically significant reduction of the
conidiophore vesicle size when compared to those in the isogenic control strains. The fact that
rtfA is necessary for proper conidiophore formation and conidial production is relevant, since
conidia are the most efficient form of dissemination for this fungus.
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Aspergillus nidulans has been shown to reproduce sexually via cleistothecia. A. flavus
has been shown to reproduce sexually via stromata or form sterile vestiges of fruiting bodies,
sclerotia. It is possible that conserved genetic regulatory mechanisms controlling cleistothecial
production could also control sclerotial production [Calvo and Cary 2014]. In A. nidulans, rtfA
was demonstrated to be important for cleistothecial production [Ramamoorthy et al. 2012].
Similarly, in A. flavus we observed a significant decrease of sclerotial production in the ΔrtfA
strain under experimental conditions assayed that resulted in abundant production of these
structures in the wild-type. This finding indicates that rtfA is a positive regulator of sclerotial
production in this AF-producer, which is relevant due to the fact that these structures are
critical for fungal survival under harsh environmental conditions, providing a source of
inoculum for crop infections during consecutive seasons.
Morphological development is genetically linked to secondary metabolism [reviewed
by Bayram and Braus 2012; Calvo et al. 2002; Calvo 2008]. Fungal secondary metabolism is a
cellular process of great interest due to the fact that many of these secondary metabolites, or
natural products, present bioactive properties that can have detrimental or beneficial effects on
humans and animals. Previously in A. nidulans, rtfA was shown to be necessary for normal
production of the carcinogenic mycotoxin ST as well as the β-lactam antibiotic PN
[Ramamoorthy et al. 2012]. As observed in A. nidulans, results from our current study of A.
flavus rtfA also revealed an effect on the biosynthesis of AF. Production of AFB1 was
dramatically decreased in static liquid cultures or completely abolished on solid medium in the
rtfA mutant. It is possible that the severe phenotype present in the rtfA mutant strain could be
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aggravated on solid medium due to the delay in apical growth observed in the rtfA mutant
growing under these conditions.
Along with the effect of rtfA on AFB1, our chemical analyses indicated that several
unknown metabolites detected in wild-type cultures were not synthesized, or synthesized at
lower levels, in the ΔrtfA strain. This indicates that rtfA is not only a regulator of aflatoxin B1
biosynthesis but has a broader regulatory range governing the production of other natural
compounds in A. flavus, possibly by an epigenetic control mechanism similar to that previously
described in S. cerevisiae [Ng et al. 2003].
In conclusion, this study contributes to the characterization of the rtfA gene in the
opportunistic plant pathogen A. flavus. This work revealed that rtfA is necessary for multiple
functions, including normal vegetative growth, conidiophore structure, conidial production,
formation of sclerotia, and response to light and temperatures stresses. Importantly, our study
also indicated that rtfA regulates chemical development, such as biosynthesis of the highly
toxic and carcinogenic compound AFB1, as well as the synthesis of several unknown secondary
metabolites. For these reasons, rtfA shows potential as a genetic target in strategies designed to
reduce the incidence of mycotoxin contamination on food and feed crops destined for
consumption by humans and animals.
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